Abstract Tidal creeks in large coastal deltas can be important habitat for fish but are often highly modified by human activities. Connectivity between tributary creeks and mainstem channels is often constrained by structures such as dikes and floodgates, designed to protect urban and agricultural areas from flooding. While they play important roles in flood mitigation, floodgates can diminish habitat quality and block fish from accessing tidal creeks. It is likely that floodgates differ in their operations and may consequently open for different amounts of time; however, floodgate operations and their effects are not well quantified. We asked the question: how does the mechanical functioning of these floodgates affect fish communities in tidal creeks? We used time-lapse cameras and quantified the timing of gate openings for 22 tributaries of the Lower Fraser River in British Columbia, Canada, and related these operational data to differences in fish communities above and below floodgates. Floodgate operations varied substantially, with some floodgates opening daily while others opened less than 20% of the day, on average. Sites with floodgates that seldom opened were associated with greater differences in fish communities and with reduced upstream native species richness by about one species on average. Where floodgates opened infrequently, we also found lower upstream dissolved oxygen concentrations than at sites where floodgates opened for longer periods of time. Thus, floodgate operations can influence fish communities as well as water quality. These data indicate a large scope for improving floodgate operations for connectivity.
Introduction
One of the key challenges of coastal floodplain management is providing flood protection while maintaining ecosystem connectivity and integrity. Coastal floodplains and estuaries are among the most diverse and productive ecosystems on the planet but have also been dramatically altered over a long history of human settlement (Tockner and Stanford 2002; Lotze et al. 2006) . Cities located in coastal deltas are prone to floods on two fronts: from the ocean and from upriver. This flood risk has led to extensive development of flood control infrastructure to protect property and people from flood damages. Flood control structures typically consist of dikes or levees along river mainstems, with floodgates and pumping stations installed at tributaries to allow drainage out to sea while preventing the river or tides from backing up water levels behind the dikes. Given that these coastal floodplains also provide important rearing habitat for numerous juvenile fishes in tidal creeks and wetlands (Beck et al. 2001) , there is a need for science that can guide fish-friendly flood protection.
Floodgates are a key structure for flood protection across the world but also can influence connectivity between rivers and their tributaries (Giannico and Souder 2005) . Floodgates, also known as tide gates or flood boxes, are culverts with a flap gate on the downstream end that closes when water levels Communicated by Nadine A. Strydom
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in the river mainstem rise above water levels in the tributary. In the majority of cases, floodgates will open only when there is a sufficient head differential across the gates, with enough water accumulated above the gates to overcome the weight of the gate, the friction in the hinges, and the pressure exerted on the flap gates by downstream water levels (Giannico and Souder 2005; Thomson 2005 ). Thus, floodgates generally close with the rising tide and open with the falling tide, though they can remain closed for weeks at a time in river systems during seasonal flood events (Thomson 2005) . Floodgates can sever connectivity within tidal floodplains, with negative consequences for water quality, fish passage, and biodiversity (Giannico and Souder 2004; Kroon and Ansell 2006; Scott et al. 2016) , and therefore highlight the challenges of balancing flood protection and floodplain connectivity.
Floodgates may impact fishes in two main ways: altering water quality and restricting fish passage (Kroon and Ansell 2006) . First, floodgates can alter water quality by restricting tidal exchange (Raposa and Roman 2003; Ritter et al. 2008) . Floodgates are associated with hypoxic dead zones due to eutrophication in the stagnant upstream habitats (Portnoy 1991; Gordon et al. 2015) . Impounded water in tidal creeks also tends to have higher concentrations of nutrients, fecal coliforms, and heavy metals, as well as high turbidity and siltation rates (Giannico and Souder 2004; Portnoy and Allen 2006) . Second, when closed, floodgates physically restrict fish passage, impeding migratory fishes from entering or leaving tidal creeks (Bass 2010; Doehring et al. 2011; Wright et al. 2014) . These impacts may together contribute to the observed alterations to fish communities associated with floodgates around the world (Pollard and Hannan 1994; Halls et al. 1998; Scott et al. 2016) . In Australia's lower Clarence River, for example, gated creeks had lower richness and abundance of commercially important fish and crustacean species than un-gated tidal creeks (Pollard and Hannan 1994; Kroon and Ansell 2006) . Furthermore, non-native fishes, many of which may be more tolerant of poor water quality, have been found in greater numbers above floodgates in New Zealand and on the west coast of North America (Franklin and Hodges 2012; Scott et al. 2016) .
Modifying floodgate operations to allow for greater connectivity could reduce negative impacts on fish and fish habitats while maintaining flood protection capacity. Fish and crustacean communities may respond to improvements in tidal exchange following removals of dikes and culverts by becoming more similar to communities found in fully connected creeks (Raposa and Roman 2003; Boys and Williams 2012) . Increasing tidal exchange across floodgates may reduce negative impacts by improving water quality and allowing estuary-dependent fish to recolonize tidal creeks (Boys et al. 2012) . Numerous design and management options have been proposed to alleviate the impacts of floodgates, including barrier removal, replacement with alternative designs, and new management routines to allow floodgates to open for longer periods of time (Pollard and Hannan 1994; Giannico and Souder 2004) . For example, self-regulating tide gates use floats to remain open for a longer portion of the tidal cycle (Giannico and Souder 2005) . Alternatively, manually leaving some floodgates open except during periods of high flood risk could improve flushing and fish passage (Franklin and Hodges 2015) . A study in Oregon and Washington State demonstrated a correlation between the density of Chinook salmon and other estuary-dependent species and the "connectedness" across tide gates (an index based on the tide gate's opening size and duration) (Greene et al. 2012) . Furthermore, Wright et al. (2014) found that opening floodgates for longer periods of time may reduce delays in sea trout passage in the UK's River Meon. Modifying floodgate operations may therefore be a promising option for mitigating their negative impacts on fish.
Despite recent interest in alternative flood infrastructure and management options, there are limited data available on floodgate operations. Many studies on floodgate impacts have compared biotic and abiotic characteristics of gated and reference creeks, without quantifying differences among the floodgates and their impacts on water quality and fish communities (Pollard and Hannan 1994; Kroon and Ansell 2006; Scott et al. 2016) . Thomson (2005) quantified gate opening for a few floodgates in the Lower Mainland of British Columbia (BC), Canada, and observed that side-mounted gates appeared to open more often than top-mounted gates. A handful of studies from other systems have quantified floodgate operations for a limited number of sites or over short time periods (e.g., Bass 2010; Greene et al. 2012 ). However, sampling at greater spatial and temporal scales is needed to understand how much variation exists in floodgate operations and how this relates to potential differences in fish communities or water quality.
The lower Fraser River in southern BC exemplifies the challenges of balancing flood protection and fish habitat in coastal floodplains. The Fraser River is the longest river in BC, draining more than a quarter of the province, and has historically supported some of the world's largest runs of Pacific salmon (Northcote and Larkin 1989) . Furthermore, the Fraser watershed is home to over 2.7 million people, representing more than half the population of BC (Fraser Basin Council 2010a). Most of this population resides in the Lower Fraser region, which has over 400 floodgates and 600 km of dikes to protect urban and rural areas from flooding (Fraser Basin Council 2010b). Although we know that many floodgates may remain closed for weeks to months during seasonal high flows (i.e., the freshet) (Thomson 2005) , there are limited data on floodgate operations for the rest of the year. Tidal creeks and wetlands represent important rearing habitats for juvenile coho and Chinook salmon (Oncorhynchus kisutch, O. tshawytscha) (Levy and Northcote 1982; Craig et al. 2014) ; however, floodgates can diminish water quality and restrict access to these habitats (Gordon et al. 2015; Scott et al. 2016) . Given aging infrastructure and increased flood risk due to sea level rise and changing river hydrographs, the region is undergoing a strategic flood management planning process (Fraser Basin Council 2014) . Thus, the Fraser River system is one key example of a region where studies of floodgate operations and impacts could inform infrastructure upgrades or mitigation efforts.
We compared the floodgate operations and fish communities of tidal creeks in the Lower Fraser region to answer two questions: (1) How do floodgates differ in their operation (i.e., the amount of time gates are open)? (2) How do floodgate operations influence fish communities and water quality in gated tributaries? To assess floodgate operation, we used time-lapse photography from July 2014 to July 2015 to quantify when gates were open or closed. We also sampled fish communities above and below the floodgates to determine how the relative differences in upstream fish communities varied with gate operations. Given that there are a variety of floodgate designs and management regimes, we hypothesized that floodgate openness would vary widely, with some gates remaining closed most of the time and other gates opening daily with the changing tides. We also hypothesized that where gates are open for longer periods of time on average, fish communities found upstream of the floodgates would be more similar to those found downstream of the floodgates. Collectively, these data can be used to identify opportunities to move towards fish-friendly flood protection.
Methods

Site Selection
For this study, we sampled 22 tributaries in the Lower Fraser region, including tributaries that flow directly into the Fraser River as well as those that flow into the Pitt, Coquitlam, and Harrison rivers (rivers that flow into the lower Fraser River). Of these, 18 sites had floodgates of various designs and configurations and four had no floodgates (Fig. 1 , Online Resource 1). These non-floodgate sites were chosen to represent fully connected habitats. Candidate sites were selected after reviewing the Lower Fraser Strategic Streams Review (DFO 1999) and Lower Fraser River floodplain maps (BC MFLNRO 2011). Site selection criteria included accessibility for sampling, availability of preexisting data on floodgate opening or a suitable place to secure a time-lapse camera, and a sufficient channel width and length to conduct two seine hauls in the tributary on either side of the floodgates.
Quantifying Floodgate Operations
There is a limited amount of data on floodgate operations in the Lower Fraser, with most published data limited to a few sites and short time frames. Here, we addressed this data gap on floodgate opening and closing by compiling existing data from municipalities and by using time-lapse photography to capture floodgate position at 1-h intervals. Only two sites had available preexisting data-Spencer Creek and Mountain Slough-both of which are controlled manually based on threshold water levels. As such, staff at the District of Kent and the City of Maple Ridge provided opening and closing dates during the study period. At the remaining 16 floodgate sites, we installed Brinno TLC200 time-lapse cameras to photograph the floodgates every daylight hour from July 2014 to January 2015, and then again from April to July 2015. Cameras were removed from January to April 2015 to avoid losing cameras due to vandalism and water damage during particularly high tides or winter storms, when large volumes of water are pumped over the dikes. Once every 4-6 weeks, we visited the sites to check the cameras, change batteries, and download the photos. Cameras were mounted inside of a PVC pipe housing and locked to railings, grates, or fences around the floodgates. Despite attempts to protect cameras within this housing, some data were missing for some sites and time periods due to theft, water damage, and the camera shifting positions.
The collected time-lapse videos were reviewed frame-by-frame to assess gate openness. The gates were described as open or closed based on a minimum threshold of openness set when water was able to visibly flow between the edge of the gate and any adjacent structures such as walls or other gates (typically a~5°-10°opening angle). In Oregon, juvenile coho salmon have been observed passing through a top-hinged floodgate while it was open to angles of 7°-16° (Bass 2010) . Although larger fish may be unable to move through floodgates that are only open 5°-10°, the majority of fish captured in this study were under 40 mm fork length, and a wider minimum opening may exclude times when these fish can pass through the floodgates.
Many flood boxes have multiple gates (Online Resource 1), but due to flood box configurations and limited camera mounting positions, we were not able to photograph all gates at all sites. Where possible, we photographed all of the floodgates at a site and classified the flood box as open when at least one floodgate opened. If it was not possible to fit all of the floodgates in the frame, we randomly selected one or one pair of floodgates and mounted the camera to photograph the representative gate or pair of gates (Online Resource 1). High tides or river levels frequently submerged floodgates completely, obscuring them from the view of the cameras. When floodgates were completely under water, we assumed the pressure from the high downstream water level was keeping the gates closed. In order to open, floodgates must have sufficient head differential (i.e., pressure due to differences in water level), with enough water accumulated above the gates to overcome friction in the hinges and the pressure of water downstream of the floodgates holding them closed (Giannico and Souder 2005; Thomson 2005 ). In the time-lapse footage, floodgates typically closed before the water fully submerged them and were also closed when the tide receded several hours later (personal observation). Furthermore, most floodgates are accompanied by pumping stations that remove excess water from upstream when the downstream water level is high (Thomson 2005) , thereby reducing the hydraulic head and the likelihood that floodgates would open when underwater. Accordingly, we are confident that this approach provides reliable information on patterns of floodgate operation.
To quantify floodgate operations, we calculated the proportion of the recording time (i.e., daytime hours) that the floodgates opened for each date and site, and then took the mean value across the entire video recording period (July 2014 -July 2015 . We calculated the proportion of the day that gates were open instead of counting the number of hours. This was to account for the cameras' inability to record images at night and the rapidly changing day lengths in the autumn months at this temperate latitude. We also calculated the "mean proportion of the day gates opened" over subset time periods (e.g., data from July and August only) and based on a stricter gate openness threshold (~30°opening angle), but found that all openness metrics were highly correlated (r 2 > 0.85), and did not include these other metrics in further analyses.
Fish Sampling
We sampled fish at all sites to understand how floodgate operations influenced fish communities. Each site was sampled once between July 30 and August 29, 2014. Previous studies in the area have identified late summer as a period when the impacts of flood boxes on fish and water quality are most severe (Gordon et al. 2015; Scott et al. 2016) .
At each site, we sampled fish communities with four seine hauls using a 15.24 m by 2.44 m net with a 3.175-mm mesh size. At sites with floodgates, we performed two seine hauls on each side of the floodgates (upstream and downstream). To conduct these seine hauls, one crew member held one end of the net on the bank near the water's edge while another member waded with the other end towards the center of the channel and then back to shore, where crewmembers quickly pulled up the excess net onto the bank and formed a purse to hold the captured fish. The net was fully extended during each set to keep the set area relatively consistent and comparable. Some sites were too deep to safely wade with the seine net. At these locations, we rowed an inflatable raft to pull one edge of the seine net while the other end was held at the waters' edge. Captured fish were removed from the net, identified to species, measured to fork length, and weighed before being released back to the location of capture. Sampling was approved by the University Animal Care Committee at Simon Fraser University (protocol number 1158B-11) and by scientific collection permits from Fisheries and Oceans Canada and the Ministry of Forests, Lands, and Natural Resource Operations.
Exact locations of seine hauls were chosen based on practical and biological reasons. At the four sites without floodgates, seines were conducted approximately 30-50 m apart and on either side of a place that might have had a floodgate. For example, dikes can often occur under railroads or roads, but at the sites without floodgates, bridges were installed over an interruption in the dike rather than floodgates. Exact seine locations were selected based on the ability to pull the seine net up on the bank (influenced by slope of bank), safe access to the shoreline, and the need to be a safe distance from pump intakes and outfalls. As much as possible, we selected seine locations to represent one or two habitat types and attempted to find similar habitats upstream and downstream where they existed. At some sites, seine locations were limited by short channel length, woody debris snagging the net, and water depth. Furthermore, our sampling may have been affected by differences in capture efficiency during sampling, as well as the volume of water sampled. Although we made efforts to sample a similar-sized area during each set, there were variations in water depths and tides across sites. Due to time restrictions and the high number of sampling sites spread over a large geographic area, we were unable to standardize our sampling to occur at the same tidal stage and depth across all sites.
In addition to fish data, we recorded water quality data, channel width and depth, and weather conditions at each site. Using a YSI device (Model 556 MPS, YSI Incorporated 2009), we measured dissolved oxygen, salinity, conductivity, and temperature at a distance of 15 m from the flood box on its upstream and downstream sides. The YSI probe was placed near the middle of the channel at a depth of approximately 0.5 m. These measurements were collected once at each site during fish community sampling.
Geographic Site Information: Watershed Area, Distance Upriver, and Land Use
This analysis included three geographic variables that may affect fish abundance and diversity: distance up the Fraser River from the ocean to the floodgate, watershed area upstream of the floodgates, and land use within each site's watershed. Distance upriver was estimated using the Path and Measurement tools within Google Earth to draw and measure a path along the river to the mouth of the river (version 7.1.5.1557, Google Inc 2015). Because the Fraser River splits into north, middle, and south arms in the delta, we took the measurement via the arm that produced the shortest path from the ocean to the floodgates. Watershed areas were estimated in ArcGIS version 10.2 (ESRI 2014) after drawing watershed polygons with the Hydrology tools. In several cases, the watershed's topography was too flat for the Hydrology tools to correctly draw the watershed boundaries. In these cases, we drew watershed boundaries manually while referencing aerial photos from Google Earth. We summed the land use areas within each watershed into four categories: Agricultural, Urban, Undeveloped, and Other Human Uses (e.g., industrial, transportation, resource extraction, and utilities). The developed percentage of the watershed was obtained by summing the percent areas of all agricultural, urban, and other human land uses (Online Resource 1). Metro Vancouver, the District of Kent, the Fraser Valley Regional District, and the District of Mission provided land use data for their respective jurisdictions.
Statistical Analysis
We conducted two main analyses to (a) examine patterns in gate openings and explore what site characteristics could affect gate openings and (b) to understand how differences in fish communities on either side of the dikes relate to floodgate openness. These analyses also included several site characteristics as variables (Online Resource 1). We also conducted a third analysis to determine whether water quality measurements (e.g., dissolved oxygen concentrations) relate to floodgate operations.
We constructed generalized linear mixed-effects models (GLMMs) to determine whether site characteristics affected the amount of time gates opened. Given that the response data were repeated observations of whether the gates were open or closed, we used the binomial family with a logit-link for this model set. Gate opening data were summarized by date, with the model input formatted as a two-column integer matrix containing the proportions of the day that floodgates were open and closed (Hastie and Pregibon 1992) . Initial model comparisons based on Akaike's information criterion (AIC) indicated strong support for including the daily mean discharge of the Fraser River (Water Survey of Canada station no. 08MH024) as a covariate in all candidate models. Specifically, including daily mean discharge reduced the model's AIC score by 30.2 ΔAIC units. In addition, all models incorporated a random intercept by site (ΔAIC = 213.7 with a lower AIC score for the model with the random effect) and an AR1 temporal autocorrelation term (ΔAIC = 9626.6 with a lower AIC score for the model with the autocorrelation term) based on results of initial model comparisons between models with and without each of these terms. These three factors were then included in all models in a different set of candidate models, which were compared using AIC model selection to determine which fixed effects were best supported by the data. Candidate models included all subsets of the following fixed effects: distance from the ocean, watershed area, pumps (present/absent), gate type (side-hinged, tophinged, or manual sliding gate), and the proportion of the watershed with developed land uses. The continuous variables were standardized by their sample standard deviations and centered to aid in model convergence (Schielzeth 2010) . The model set also included a "null" model with only the autocorrelation term, daily mean Fraser discharge, and the random effect. No interaction terms were considered due to poor coverage of some variables (e.g., pumps present in larger watersheds but not smaller ones) and failure of models to converge. Models were created using the lme4 package (v. 1.1-9, Bates et al. 2015) in R (v. 3.1.2, R Core Team 2015).
To examine potential relationships among site-level variables, we conducted a principle component analysis using PAST (v. 2.17, Hammer et al. 2012) . These variables included floodgate type, pump presence or absence, watershed area, location on the river, and percentage of the watershed with developed land uses.
We calculated differences between the upstream and downstream fish communities using community dissimilarity metrics and log response ratios. First, we sought to understand how the entire fish communities differed upstream and downstream of floodgates and to investigate how these community differences varied with floodgate operations (i.e., are communities more different where floodgates stay closed?). To do this, we constructed a community dissimilarity matrix using Bray-Curtis differences, taking each upstream/downstream section as a separate site. Given that fish samples were dominated heavily by three-spined stickleback (Gasterosteus aculeatus), we square-root-transformed taxon abundances before calculating Bray-Curtis distances, as this metric can be driven by abundances of a dominant species (Legendre and Legendre 2012) . Bray-Curtis distances for the upstream and downstream portions of each site were then extracted from the community dissimilarity matrix for further analysis against floodgate operations. Bray-Curtis dissimilarities were computed using the vegan package in R (v. 2.3-0, Oksanen et al. 2015) .
To characterize potential differences between upstream and downstream fish communities, we computed the log response ratios of several metrics based on fish samples. These metrics included the richness, biomass, and number of fish captured upstream and downstream of floodgates. We calculated these metrics for total fish captured and for subgroups of fishes (e.g., native and non-native fishes). The log response ratio (lnRR) is typically used to express the effects of a treatment relative to a control or reference state (Hedges et al. 1999) . Here, we treat the downstream fish community as a reference state and the upstream fish community as a treatment, to compute the log response ratio as
To test whether the downstream fish communities would be suitable for use as the "reference state," we plotted downstream fish captures, biomass, and richness against floodgate openness. We did not find any strong relationships between openness and downstream fish variables, thus we are confident that the log response ratio is an effective metric for this purpose.
After breaking the data out into groups of species (e.g., native or non-native fishes), several sample units had zero values and resulted in undefined or infinite estimates of the log response ratio. These zero values are potentially important features of the data, so we added the minimum non-zero value for that variable to every observation before calculating the log response ratio. This method of adjustment has been used as a conservative estimate of the log response ratio in data where species were not detected in some samples (Viola et al. 2010) . We also computed log response ratios for the richness, biomass, and number captured for the four most commonly sampled taxa: three-spined stickleback (Gasterosteus aculeatus), pumpkinseed sunfish (Lepomis gibbosus), prickly sculpin (Cottus asper), and juvenile minnows (Cyprinidae). We captured many unidentified juvenile cyprinids (most of which were under 40-mm fork length), and therefore pooled them with all minnows for calculations of fish taxonomic richness.
The computed Bray-Curtis distances and log response ratios were then used as response variables in a series of linear models to understand relationships between upstream-downstream community differences and floodgate openness. A separate set of candidate models was created for each of the response variables (e.g., species richness, abundance). Each of the candidate models included up to two of the following explanatory variables: mean proportion of the day gates opened, number of floodgates, watershed area, distance upriver, and the percent developed area in the watershed. Top models were selected based on small sample-size corrected AIC (AICc) values, and parameter estimates were obtained by averaging models within 8 ΔAICc units of the top model (Burnham and Anderson 2002) . Before model averaging, we checked that the candidate models met the assumptions of linear modeling by examining residuals and normal Q-Q plots.
We also used linear modeling to explore whether floodgate operations were correlated to water quality measurements. We constructed a series of linear models relating dissolved oxygen concentrations to floodgate operations and site characteristics. All models for dissolved oxygen measurements appeared to meet the assumptions of linear modeling, based on residuals, normal Q-Q plots, and Cook's distances. These models were compared using AICc model comparison and parameter values and weights were estimated using model averaging. We used the direct measurements and modeled upstream and downstream dissolved oxygen separately. Following from these results, we were interested in whether hypoxic conditions above floodgates might affect the differences in observed fish communities at gated sites. In a posthoc analysis, we examined the fish community data for a relationship with upstream dissolved oxygen concentrations. Neither Bray-Curtis community differences nor the log response ratios for native richness showed strong correlations with upstream dissolved oxygen concentrations (r 2~0 .1, p > 0.05).
Results
Time-lapse camera footage, combined with preexisting data from two sites, revealed high levels of variability in operation of floodgates in this region. Many of the floodgates were closed almost all of the time-approximately 40% of all sites had floodgates that opened for less than 10% of the day on average (Fig. 2) . While most sites opened infrequently or for short periods of time, five of these 18 sites (~30%) opened for more than half of the day on average. Thus, there is a wide range of existing variation in floodgate operations in this region.
There were seasonal patterns in floodgate openings, where many floodgates remained closed for most of the Fraser River freshet in July 2014 and again from mid-May through June 2015, but opened and closed more sporadically during the rest of the year (Fig. 3, Online Resource 2). Floodgate opening patterns also appeared to vary regionally, with sites closer to the ocean possibly showing more of a tidal signature and those further upriver more closely following the freshet patterns ( Fig. 3b-f) .
Fraser River discharge was the only factor that was consistently supported for explaining patterns of floodgate operations, with an inverse relationship between mean daily discharge and floodgate opening time (Table 1, Fig. 3 ), such that gates were closed more during periods of high flow. The top model included distance upriver, Fraser River discharge, and the temporal autocorrelation parameter as fixed effects, but since competing models had somewhat similar support (ΔAIC < 8), we report the unconditional model-averaged coefficients and parameter weights (Table 1) . Mean discharge was the only parameter with confidence intervals not intersecting zero. Site-level factors received much less support than flow for their ability to explain gate openness patterns. Although the distance from the floodgate to the ocean may have some influence on gate openness, it received only 53% of the support based on model-averaged fixed effects.
We explored potential relationships among flood box characteristics, site location, and watershed land use with principal component analysis (PCA). The PCA analyses revealed that pumps seem to be placed at floodgates situated in larger, more developed watersheds (Fig. 4) -where controlling large volumes of water requires pumps in addition to the floodgates. Differing gate types did not appear to correlate strongly with other site-level factors.
We captured a total of 7531 fish across all sites during our sampling between July 30 and August 27, 2014 (Online Resource 3). Most of the fish captured were likely juveniles of their species, as over 75% of all fish captured had a fork length of less than 40 mm. Over half of the fish captured were threespine stickleback (Gasterosteus aculeatus, 4697 in total), and 1319 were unidentified juvenile cyprinids. We also captured the following native freshwater fishes: northern pikeminnow (Ptychocheilus oregonensis), prickly sculpin (Cottus asper), peamouth chub (Mylcheilus caurinus), largescale sucker (Catostomus macrocheilus), brassy minnow (Hybognathus hankinsoni), redside shiner (Richardsonius balteatus), bull trout (Salvelinus confluentus), cutthroat trout (Oncorhynchus clarkii), and mountain whitefish (Prosopium williamsoni). We captured a few juvenile salmon-11 chum (Oncorhynchus keta) and 17 coho (O. kisutch)-in the sampling period. At sites closer to the mouth of the river, we captured two species native to local marine and estuarine ecosystems-starry flounder (Platichthys stellatus) and shiner surfperch (Cymatogaster aggregata), as well as an unidentified juvenile flatfish. We also captured five species of non- Fig. 2 Histogram showing the frequency of sites by the annual average proportion of daylight hours that their floodgates opened. Reference sites without floodgates were not included in this figure native fishes: pumpkinseed (Lepomis gibbosus), brown bullhead (Ameirus nebulosus), largemouth bass (Micropterus salmoides), common carp (Cyprinus carpio), black crappie (Pomoxis nigromaculatus), and unidentified juvenile sunfish.
There was a negative relationship between floodgate openness and observed fish community differences above and below floodgates, such that fish communities differed more where floodgates opened less (Fig. 5) . For linear models with BrayCurtis community dissimilarities as the response variable, models with floodgate openness ranked highly in AICc model selection. Openness received the highest parameter weight (0.69) while site covariates received much less relative support ( Table 2) . The model-averaged openness parameter estimate was the only one with confidence intervals excluding zero. Based on model-averaged results, upstream and downstream fish communities were on average 23% more similar (less dissimilar) in fully connected sites when compared to sites where floodgates never or rarely opened (Table 2) . Calculated BrayCurtis dissimilarities ranged from 22.4 to 82.4% dissimilar communities above and below floodgates. At McLean Creek, for example, floodgates opened for 1.7% of the day on average and the Bray-Curtis dissimilarity was 82.4%. At this site, we sites for that subregion. Site groupings are roughly listed from sites furthest upriver (b) to sites that are closest to the ocean (f). Data were not collected during the blank period to avoid losing cameras due to vandalism and water damage during winter storms that can lead to high water levels in the tributaries captured two taxa upstream of the floodgates (66% largemouth bass, 33% sunfish), and five taxa downstream (43% sunfish, 41% cyprinids, and 16% individuals from three other native taxa that did not overlap). In contrast, at Silverdale Creek-a site where there are no floodgates and the communities are fully connected-the upstream and downstream communities had a Bray-Curtis dissimilarity of 26.9%. There, we captured seven taxa in the upstream reach (72% sunfish, 16% cyprinids, 6% sculpin, and 6% from four other native taxa), and six taxa in the downstream reach (67% sunfish, 18% sculpin, 2% brown bullhead, and 13% from three other native taxa). We note that two sites had relatively low dissimilarity even though they opened infrequently (Fig. 5) ; stickleback were particularly numerically abundant in these two sites, a species which this study and previous have found to be tolerant of floodgates.
Floodgates that were more open also had higher relative native taxonomic richness (Fig. 6a, Table 2 ). The data supported an effect of openness over other site-level covariates ( Table 2) . The model-averaged openness parameter estimate was the only parameter to have confidence intervals not crossing zero. This model indicated that sites with low floodgate openness tended to have fewer native taxa upstream of the floodgates relative to downstream. Sites where floodgates opened very rarely (intercept = 0, i.e., never) would on average have 32% fewer fish taxa upstream of the floodgates. On average, we found 3.5 (s.d. = 1.26) native fish taxa downstream of floodgates. After back-calculating from the log response ratio, this result would, on average, translate to approximately one fewer native taxa upstream if floodgates never opened. This model shows a relative increase in upstream native richness as floodgate openness increases, with little to no difference in upstream-downstream native richness where there are no floodgates. Conversely, AICc model selection and averaging results did not show substantial support for an effect of floodgate operations on differences in the richness of nonnative fishes (parameter weight = 0.17, Fig. 6b, Table 3 ).
Floodgate openness did not appear to be an important factor for explaining upstream-downstream differences in overall fish counts, biomass, or taxonomic richness. For all of these response variables, the intercept-only (null) model was the top model or ranked within two ΔAICc units of the top model, indicating that neither floodgate operations nor other site characteristics were important for explaining the differences in these variables above and below floodgates. Additionally, neither the site-level covariates nor floodgate openness appeared to have any effect on the response ratios of biomass or counts of native or non-native fish. Online Resource 4 summarizes the richness, biomass, and number of fish captured (grouped by total, native, and non-native fish).
We did not detect a substantial effect of floodgate openness on response ratios of captures or biomass for the three most common fish groups captured-three-spine stickleback, juvenile cyprinids, and sunfishes. The log response ratio for prickly sculpin (Cottus asper) captures, however, indicated that relatively few sculpins were captured above floodgates that seldom opened compared to areas where they opened for longer periods (Table 2) . If floodgates never opened, the model would estimate the upstream number of prickly sculpins at approximately one quarter of that found downstream, but if floodgates opened 80% of the day, on average, there would be little to no difference in sculpin numbers above and below floodgates.
Dissolved oxygen concentrations were on average lower above floodgates than below (Fig. 7) , with concentrations averaging at 4.11 (s.d. = 2.91) mg/L above floodgates and at (Table 3) , dissolved oxygen concentrations were on average 5.9 times lower in reaches above floodgates that never or rarely opened compared to fully open sites. Linear models and AICc model averaging indicated little support for an effect of floodgate operations on downstream dissolved oxygen concentrations (Table 3) . Other water quality parameters (temperature, conductivity, and salinity) did not exhibit relationships with floodgate operations and site characteristics.
In an additional set of analyses, we examined whether summer (July/August) floodgate operations were effective predictors of fish communities and upstream dissolved oxygen concentrations. Results were qualitatively similar to our main analysis using averages based on the full year's floodgate operations data (Online Resource 5). However, the relationships between floodgate openness and fish community differences (native fish richness and community dissimilarities) were less certain when considering the shorter period, as the confidence intervals for this parameter overlapped zero.
Discussion
This study discovered considerable variation in floodgate operations in the Lower Fraser River area of British Columbia, Canada, and that these operations are linked to impacts on fish biodiversity and water quality. Floodgate operations varied substantially across sites, with most floodgates opening for less than one quarter of the day on average. Differences in fish communities above and below floodgates were more pronounced where floodgates were closed for more time. Furthermore, in sites where floodgates seldom opened, upstream fish communities had relatively fewer native species than at sites where floodgates opened more often. Additionally, dissolved oxygen concentrations were lower upstream of floodgates that seldom opened. These findings provide evidence that impacts to water quality and fish communities can vary with the operations of gates. Accordingly, there may be opportunities to mitigate impacts to tidal creek water quality and fish communities by altering floodgate operations.
Floodgate Operations
We found substantial variation in the operations of floodgates throughout the region, with several floodgates remaining closed for weeks and others opening daily. While some floodgates opened for more than 50% of the day on average, almost half of the floodgates in this study opened for less than 20% of the day on average (Fig. 2) . Some of this variation may reflect the local management practices, with different designs and management routines employed in different locales (Bass 2010; Fraser Basin Council 2010a) . The seasonal patterns of floodgate openings appeared to vary throughout the Lower Fraser region (Fig. 3) , especially with respect to the spring high-flow period (i.e., freshet). Other work has noted that floodgates positioned closer to the ocean are more likely to be controlled by tidal cycles (LGL Limited et al. 2009 ). Although the Fraser River is tidal to~115 km from the ocean (Levings et al. 1995) , the strength of the tides diminishes at locations further upriver. The data showed a trend towards floodgates opening longer on average at sites further upriver, and this could reflect differences in the influence of the freshet and the tides. Topography and floodgate elevation may be factors contributing to this spatial variation in operational patterns. For example, many floodgates are situated in areas built upon reclaimed wetlands (rather than on creeks or sloughs) that historically would have been inundated for much of the year; therefore, the gates are kept closed to keep the reclaimed land dry. This study provides new information for understanding floodgate operations across a range of sites, adding to previous studies in the area (Thomson 2005) . We found that higher flows in the Fraser River were associated with floodgates being closed more. The hydrology of the Fraser River is characterized by snowmelt-driven high flow in the spring and early summer, with typical daily mean discharge rates around 8000 m 3 /s at its peak, compared to 700 m 3 /s in low flow months (i.e., winter) (Levy and Northcote 1982) . Indeed, many floodgates were closed during the freshet (i.e., for the first half of July 2014 and in 2015 for part of May and June). Historically, up to 20,000 ha of wetland and slough habitat in the Lower Fraser were flooded annually, most likely during the spring freshet (Birtwell et al. 1988) . Understandably, the spring freshet is a major concern for flood managers, such that several floodgates are manually closed for this period. However, the late spring/early summer period is also when juvenile salmon redistribute themselves to tidal portions of watersheds to rear before leaving for the ocean (Levy and Northcote 1989; Levings et al. 1995) . When floodgates are closed, juvenile salmon cannot enter tributary habitats, and may therefore be deprived of further opportunities to grow before entering the ocean. Furthermore, closed floodgates mean that smolts can only leave gated tributaries via pumps, where they are likely to be injured or killed (Thomson 1999) . Thus, the temporal pattern of floodgate closures suggests disproportionately large impacts on juvenile salmon.
The specifics of floodgate design and management are often discussed when considering how to alleviate impacts on fish passage and water exchange (Giannico and Souder 2005; Boys et al. 2012) . For example, lightweight side-mounted gates have been recommended over cast iron top-mounted gates, as they tend to open wider and more readily with changing water levels (Thomson 2005) . Manually operated sluice gates have also been recommended as they can be left open except during periods of high flood risk (Pollard and Hannan 1994) . This study, however, did not find substantial support (Table 1) . The lack of a substantial effect runs counter to the prevailing body of research (Giannico and Souder 2005; Thomson 2005) and our result is likely driven by low sample sizes for some of the different gate types. Specifically, there were few manual (n = 2) and top-mounted gates (n = 3), compared to side- mounted gates (n = 13) in this study. Pumps represent another design feature that could affect floodgate operations; however, the presence of pumps did not appear to relate to floodgate openings. Pumps are installed at floodgates to move water out of tributaries when the gates are closed for extended periods of time, such as during the freshet, but depending on the settings of the pumps, they can reduce floodgate openings throughout the year by reducing the head differential across the floodgates (Thomson 2005) . Pumps were present at a majority of the sites in this study (n = 13) and varied in their size, number, and "fish-friendliness." There could be variation in the settings of pumps that could allow floodgates to open more frequently, such that looking at "pumps" or "no pumps" as a categorical variable may be too coarse a scale to make generalizations about what they mean for gate openings. Additionally, pumps tend to occur at sites with larger, more developed watersheds (Fig. 4) . Even within types of floodgates, there were vast differences in the amount and timing of floodgate opening.
Fish Communities
This study shows that the level of impact on fish in tidal creeks can vary with floodgate operations. Where floodgates rarely opened, native richness was on average 32% lower upstream of the floodgates compared to downstream. This corresponds to an average difference of one fewer native species above closed floodgates. Where tributaries did not have floodgates, however, there were no differences in native richness between upstream and downstream sections, as predicted. In addition, fish communities above and below floodgates were most dissimilar where floodgates rarely opened, but were more similar at sites that opened for longer periods of time or that did not have floodgates. Specifically, on average, fish communities were 23% more similar in fully connected sites than where they were separated by closed floodgates. Floodgates have been associated with reduced native fish diversity in tidal creeks in the Lower Fraser (Scott et al. 2016) , and around the world (Pollard and Hannan 1994; Halls et al. 1998; Kroon and Ansell 2006 Scott et al. 2016) . Others have discussed mitigating these impacts through structural and operational changes, such as opening floodgates for longer periods of time (Pollard and Hannan 1994; Franklin and Hodges 2015) . For example, Boys et al. (2012) found that structurally modifying floodgates or intermittently opening them led to improved fish passage and shifted fish communities back towards reference communities in Australian tidal creeks. Our body of work builds on these important case studies to quantify the relationship between floodgate openness and their environmental impacts. While outright removal of many floodgates may not be a valid option due to flood risk, our data provides strong evidence that opening floodgates more often would reduce disruptions to tidal creek fish communities. Individual fish taxa and subgroups appeared to differ in their sensitivity to floodgate operations. For example, three-spined sticklebacks (Gasterosteus aculeatus) and juvenile cyprinids, the two most commonly captured taxa in this study, did not show any differences in numbers in relation to floodgate operations. Three-spined sticklebacks are often abundant in tidal creeks in the Pacific Northwest, including those with tide gates (Tonnes 2006; Greene et al. 2012; Scott et al. 2016) . In contrast, prickly sculpins were more abundant on average in creeks where floodgates opened more often or where there were no floodgates. Where floodgates never or rarely opened, however, the upstream sculpin abundance was on average one quarter of that found below the floodgates. Additionally, we observed sculpins upstream of floodgates at only four sites, though we observed them downstream of floodgates at ten sites (Online Resource 3). Sculpins may be particularly vulnerable to altered connectivity in river systems (Favaro and Moore 2015) and prickly sculpin abundances have previously been found to be lower in gated creeks than in non-gated creeks (Scott et al. 2016) . Non-native fishes, such as pumpkinseed sunfish and largemouth bass, did not appear to be sensitive to differences in floodgate operations, although previous studies have found that non-native species tend to be more abundant in areas upstream of floodgates than in creeks without floodgates (Franklin and Hodges 2015; Scott et al. 2016) . Due to the timing of sampling, our study did not fully assess the impacts of floodgate operations on juvenile salmon. Although tidal creeks and wetlands can be key rearing habitats for juvenile coho and Chinook salmon in the spring and early summer, most individuals are unlikely to remain in these habitats by late summer (Levy and Northcote 1982; Craig et al. 2014; Scott et al. 2016) . Our fish sampling regime was focused on the late summer and thus provided a snapshot of impacts for this season when hypoxic conditions occur near floodgates (Gordon et al. 2015; Scott et al. 2016) . Our sampling occurred after the widespread spring/early summer use of tidal channels by migrating juvenile salmon; additional sampling early in the season could have captured effects of floodgate operations on juvenile salmon within these fish communities. Previous research in a subset of this study's sites found that creeks with floodgates had 2.5 times fewer salmon than sites without floodgates (Scott et al. 2016) . Given that the impacts of floodgates to fish communities will be expressed across the annual cycle of fish migration and dispersal (Scott et al. 2016) , our results should be considered conservative. Given that floodgates can impact juvenile salmonids in these systems (Greene et al. 2012; Scott et al. 2016) , future studies could demonstrate stronger relationships between fish communities and floodgate operations with additional sampling in the spring and early summer. More broadly, future studies could directly investigate how floodgate operations and designs impact passage of juvenile salmonids and other individual fish taxa across the seasonal patterns of their life cycles.
Water Quality and Floodgate Engineering
Floodgate operations were associated with dissolved oxygen concentrations upstream of floodgates, but not downstream (Fig. 7 , Table 3 ). As previously recorded in this region (Gordon et al. 2015) , we observed lower dissolved oxygen concentrations above floodgates than in reaches below the floodgates (Fig. 7) . We build on this result by showing a link between floodgate openness and the severity of the upstream hypoxia (Table 3 ). This correlation was evident whether we used all floodgate operations data (Table 3) or only observations from July and August (Online Resource 5). These data indicate that increases in water exchange from changes to floodgate operations could result in water quality improvements (Raposa and Roman 2003) . For example, increasing opening times could relieve hypoxic conditions found above floodgates by restoring variable flows and tidal flushing to tributaries (Franklin and Hodges 2015) . Additionally, hypoxic conditions above floodgates tend to be most pronounced in the late summer (Scott et al. 2016) , so the impact of floodgate operations on water quality may vary seasonally. Future work could measure dissolved oxygen concentrations throughout the year to better understand how floodgate openings affect water quality on smaller time scales, and to determine if there are times of year that floodgate operations could be more effectively modified to improve water quality.
While our analyses focused on the amount of time that floodgates opened, there are other aspects of floodgate engineering that may influence their environmental impacts. The conditions at individual floodgates can restrict fish passage opportunities to a subset of the time gates remain open (Bass 2010) . Fully open floodgates may still share many characteristics of culverts that represent partial barriers to fish passage, such as the potential to produce high water velocities or to become inaccessible to fish if installation heights do not match water levels (Haro et al. 2004; Bass 2010) . For example, culverts and floodgates might become "perched" at low tide if the gates are installed higher than low tide depth, thereby preventing fish from traveling upstream through an open gate (Bass 2010) . Conversely, if floodgates are installed too low, floodgates may remain underwater for long periods of time and therefore be prevented from opening (Giannico and Souder 2005) . Furthermore, the angle of floodgate opening could limit the size of fish that can pass through an open floodgate (Bass 2010; Greene et al. 2012 ). In addition, we note that our study did not examine whether floodgates that opened more maintained a similar level of flood protection. Such details could aid in crafting floodgate designs that would explicitly evaluate the potential trade-offs between fish passage and flood protection.
Conclusions and Implications
Our study had two key findings. First, we discovered substantial variation in the amount of time floodgates open at sites across the region-with many floodgates opening rarely while others opened more often-as well as seasonal variation in floodgate operations. Second, this variation in floodgate operation was linked to water quality and native fish communities. In coastal deltas around the world, managers are faced with aging flood control infrastructure, environmental protection, and projected sea-level rise. In response to these challenges, managers are starting to plan for infrastructure upgrades and policy changes. For example, a Lower Mainland Flood Management Strategy is in development for the Lower Fraser River region to coordinate flood mitigation efforts (Fraser Basin Council 2014) . This regional flood strategy will identify areas of improvement in flood management policy and infrastructure for public safety and climate change adaptation. Given that there are more than two million people in this region, flood protection is an obvious priority for this planning process. Yet, tidal creeks in this region represent important habitats for numerous fish species, including commercially important species such as salmon, which are negatively impacted by flood protection structures (Scott et al. 2016) . There is an opportunity to use data such as those presented here to inform floodgate operations to improve water quality and connectivity for fish while still protecting developed areas from flooding.
